Ultrasonography (US) of the neck is an accepted, useful imaging modality for many applications beyond its usefulness in thyroid disease. Two-dimensional US has been effectively used for evaluation of many types of neck conditions, and now, 3-dimensional US can be added to the imaging armamentaria. Three-dimensional US is useful in the evaluation of cervical lymph nodes, recurrent/residual thyroid neoplasia, parathyroid glands, parotid and submandibular glands, as well as thyroglossal duct cysts and other assorted palpable and visible abnormalities because of its unique capabilities, including multiplanar reconstruction, accessibility of the coronal view, volume calculation, and regularly spaced incremental slice evaluation.
. Three-dimensional US with color Doppler imaging of a normal cervical lymph node in a 57-year-old woman: standard multiplanar view with sagittal, transverse, and coronal components (clockwise from the upper left). The cortex is homogeneous. There is a hyperechoic hilum with blood flow entering through the hilum and no hyperemia. Figure 2 . Three-dimensional US of an enlarged cervical lymph node in a 72-year-old man with biopsy-proven papillary cancer of the thyroid isthmus: standard multiplanar view with surface volume rendering of the outer shell of the entire hypoechoic lymph node. There is a separate surface volume of the peripheral hyperechoic nodule. Surgical pathologic evaluation revealed a necrotic lymph node with metastatic papillary thyroid cancer in the peripheral nodule.
Frank et al-Applications of 3D US in the Neck, Excluding the Thyroid
A 2D grayscale and color Doppler US evaluation was performed first on all of the patients. Then, a 3D US volume sweep was obtained. On 3D US, the image is created by digitally combining multiple 2D planes, using pixel values of the 2D planes to establish the voxel value of the 3D image. 3 Three-dimensional US acquires a volume of regularly spaced parallel 2D US slices in a single acquisition, using a dedicated 3D transducer. Sagittal or transverse views are initially obtained, and the coronal view is then automatically reconstructed from either the sagittal or the transverse data set. The radiologist or the sonographer can Figure 3 . Three-dimensional US of an 18-year-old man with a palpable nodule in the right cheek.Tomographic Ultrasound Imaging provides serial consecutive incremental slices of the entire volume of the solid parotid nodule, which proved to be a pleomorphic adenoma. . This 41-year-old patient with neck pain had a conglomerate of cervical lymph nodes, which were difficult to delineate on 2D US alone. A, With 3D US multiplanar reformatting, each individual node can be assessed separately, and normal hilar echogenicity with blood flow entering each hilum is clearly visualized. B, Tomographic Ultrasound Imaging is often useful to clarify the hyperechoic hilum and hilar vascularity, regardless of the orientation of the lymph node.
then manipulate the multiplanar reformatted images on the US machine or at a workstation. A structure can be selected and viewed in 3 perpendicular planes at once, as with this normal cervical lymph node (Figure 1 ). Volumetric reconstruction can be obtained by using a volume analysis program (Virtual Organ computer-aided analysis; GE Healthcare), and a 3D shell of the surface geometry can be created ( Figure 2 Figure 3 ). A summary of the available techniques and their potential uses is shown in Table 1 .
Lymph Node
A normal lymph node has a smooth, thin (<3-mm) hypoechoic cortex and a hyperechoic hilum (Figure 1 ), with the arterial flow entering the hilum on Doppler imaging. 4 Three-dimensional US with multiplanar reconstruction provides excellent characterization of the hyperechoic hilum and cortex 5 and facilitates visualization of the direction of blood flow no matter how the lymph node is oriented (Figure 4) .
Reactive lymph nodes preserve the normal ovoid or elongated shape and maintain smooth, rounded borders on US. They typically have a homogeneous cortical echo texture with a preserved hyperechoic hilum ( Figure 5A ). 6 Three-dimensional US enables a complete 360 8 evaluation of the cortex for homogeneity to outline the contour irrespective of the angle of insonation of the lymph node and to define the hyperechoic hilum. In our experience with more than 100 cases, 3D US multiplanar reconstruction with color Doppler imaging aids in confirming that the hyperemia spreads outward from the hilum, as expected for a reactive lymph node ( Figure 5B ). Both grayscale and color Doppler features are useful for evaluation of metastatic lymph node disease. Indistinct nodal margins, altered nodal echogenicity, eccentric cortical hyperechogenicity, and the presence of necrosis with intranodal cystic spaces may be seen. [6] [7] [8] Absence of a hyperechoic hilum is the most specific predictor of metastatic disease. 9, 10 Serial examinations can be used to evaluate the change in the size of a lymph node. 7 Three-dimensional US can more easily determine the lymph node size and volume, since it allows for measurement of the true axial and transverse dimensions, regardless of the orientation of the node. 11 Malignant infiltration of nodes typically decreases the ratio between the longitudinal and transverse dimensions. In general, the rounder the node, the more likely it is to be malignant. The determination of metastasis on the basis of cortical echogenicity is less effective, as nodal tumor involvement may be hyperechoic or hypoechoic on grayscale US. 6 On the other hand, the presence of necrosis or cystic changes is viewed as a strong predictor of malignancy, unless the patient has a history of granulomatous disease, especially tuberculosis. 13 The central hilum may become eccentric, thinned, or completely obliterated.
14 In our experience with more than 100 patients, 3D US facilitates meticulous evaluation of the cortex and hilum to exclude metastatic disease by evaluation of sequential parallel thin sections using TUI. This capability is particularly valuable for avoiding the partial volume artifact of a normal hyperechoic hilum, which may mimic nodal necrosis on 2D US. 12 Color Doppler evaluation of the hyperemia and the pattern of vascularity is crucial in the identification of metastatic disease. Hilar vascularity is considered a sign of benignity. 15 With metastatic disease, capsular vessels perforate the periphery of the node. This proliferation likely reflects the mechanism of the disease process, in which neoplastic cells enter the node through lymphatic channels, proliferate in the marginal sinus, and induce peripheral vascularity that spreads centripetally. 15 In one study, the presence of peripheral vascularity had 100% specificity for predicting metastatic involvement. 16 Three-dimensional US has an enhanced capacity to delineate the peripheral vascular predominance typical of metastatic disease compared with 2D US, by the use of surface-rendered reconstruction or TUI ( Figure 6 ).
With lymphoma, the lymph nodes may have a typical rounded, homogeneously hypoechoic 2D US grayscale appearance, with intranodal reticulation and posterior acoustic enhancement ( Figure 7A ). Posterior acoustic enhancement may be seen in up to 95% of these nodes. 13 In lymphoma, hilar vascularity is maintained, likely because of initial tumor entry through the central lymphatic channels, sparing the peripheral structures.
Three-dimensional US enhances exploration of the lymph nodes, and it enables precise localization of the vascularity in the hilar region ( Figure 7B ). In our experience, the ability to rotate the lymph node into multiple planes facilitates visualization of the hilar origin of nodal vascularity.
Salivary Gland
On grayscale 2D US, the normal parotid gland is homogeneous, but the echogenicity depends on the amount of intraglandular fat. Not infrequently, the gland is so hyperechoic that it is difficult to penetrate the deeper portions of the gland with US. Two-dimensional US can determine whether an area of pain or swelling is related to a focal mass or to a diffuse process. Acute bacterial sialadenitis may produce a unilateral hyperemic gland, whereas mumps is usually bilateral. Lymph nodes are often identified within the gland (Figure 8 ). Figure 8 . Images of the cheek of a 63-year-old woman with a palpable nodule and a parotid mass suspected clinically. A, Sagittal 2D US reveals a hypoechoic nodule with a hyperechoic hilum within the parotid, suspected to be a lymph node. B, 3D TUI of the entire structure in small increments was able to orient the image plane to show normal hilar vascularity typical of a lymph node (arrows). Figure 10 . Images from an 18-year-old man with a palpable nodule in the cheek. A, Sagittal 2D US with color Doppler imaging shows a homogeneous lobulated well-circumscribed mass within the parotid gland with some vascularity. B, In this case, coronal surface-rendered reconstruction is similar in appearance to the 2D image.This nodule was a pleomorphic adenoma on pathologic evaluation after surgical excision. Three-dimensional US may enhance the identification of the distribution of the hyperemia associated with an inflammatory process. In one case, we observed that 3D US enabled the identification of multiple hypoechoic structures surrounded by hyperemia ( Figure 9B ), whereas a single structure was noted on 2D US ( Figure  9A ). On MRI, these structures proved to be multiple ductal segments with surrounding inflammation.
Pleomorphic adenoma is the most common benign neoplasm of the major salivary glands. 1 On both 2D and 3D US, these benign parotid tumors are usually solitary and unilateral, are often sharply marginated, are homogeneous in echogenicity, may show posterior wall enhancement (Figure 10 ), and may contain calcification. These imaging findings can usually distinguish between these tumors and normal intraparotid lymph nodes but may overlap with the appearance of an acinic cell carcinoma or a mucoepidermoid carcinoma.
The lateral and larger superficial parotid lobe is separated from the smaller deep lobe by the facial nerve and overlying retromandibular vein (posterior facial vein). However, it is often difficult to identify the facial nerve on imaging, even with CT and MRI. The overlying retromandibular vein, located lateral to the external carotid artery, proves to be an important marker for the surgeon to identify the location of the facial nerve. The plane of the facial nerve, which is often difficult to locate with 2D US, can be shown with 3D US using coronal reconstruction to show the overlying retromandibular vein in the plane that is encountered in the typical surgical field ( Figure 11 and Video 1). Once the plane of the facial nerve is identified, its relationship to the tumor can be used for preoperative planning. Of course, the retromandibular vein is only useful for masses in the proximal portion of the gland, but more distal masses, farther from the main branches of the facial nerve, are less likely to be associated with substantial postoperative neurologic damage. On the other hand, when a tumor in the deep parotid gland extends to the masseter muscle, it is more likely to involve facial nerve branches. Threedimensional US can also be used to clarify the relationships of these deeper lying tumors in patients with less parotid fat, where the deep parotid gland is more amenable to US evaluation. On grayscale 2D US, the submandibular gland typically has a homogeneous echo texture, which is hyperechoic relative to adjacent muscle tissue. Small linear hyperechoic areas, which represent nondilated intraglandular ducts, may also be identified within the gland. The submandibular duct may be seen in a healthy patient, but it is more likely to be visualized when it is pathologically dilated. The ability of 3D US to visualize the ductal system in 3 orthogonal planes enhances its evaluation.
Sialoliths occur most frequently in the submandibular gland, likely because of the composition of the submandibular gland secretions. 17 They typically occur in the submandibular duct (85%), although some may be found within the gland body.
17 Two-dimensional US can both show the hyperechoic shadowing sialolith and delineate the ductal dilatation. A very small stone, less than 2-3 mm, may be harder to visualize. 17, 18 In chronic sialadenitis, the gland appears diffusely hypoechoic. 17 Two-dimensional US has an overall 94% predictive capability in stone detection. 19 In several cases, we found that 3D US of the submandibular gland had the advantage of using multiplanar visualization of the ductal system to follow the complete course of a tortuous duct ( Figure 12 and Video 2).
Parathyroid Gland
On 2D US, a parathyroid gland is usually hypoechoic, smoothly marginated, and without visible hypervascularity. With 3D US, visualization of the vascular characteristics is facilitated by the use of surface rendered reconstruction with color Doppler imaging.
A single abnormal parathyroid gland is the cause of primary hyperparathyroidism most of the time. 20 Although exploration of all of the glands was the standard of care in the past, now the single abnormal gland can be targeted for surgery, reducing morbidity. 21, 22 With 2D US, the grayscale appearance of an abnormal parathyroid gland can be heterogeneous or homogeneous, but it is usually larger than 9mm in any dimension ( Figure 13A) . 23 With Color Doppler imaging, increased regional blood flow, characteristic peripheral vascularity, and a feeding vessel may be identified ( Figure 13B) . 23, 24 The coronal 3D view on color Doppler imaging facilitates visualization of the feeding vessel and the peripheral vascularity ( Figure 13, B and C) . 25 In addition, the coronal view is similar to the configuration of the gland in the surgical field. 21 Confirmation of the location of the abnormal parathyroid gland enables the surgeon to perform a targeted parathyroidectomy, limiting morbidity. 21, 22 A volume of the abnormal parathyroid also may be calculated.
Thyroid Ectopia Thyroid ectopia is rare; however, in one study, a lingual thyroid was found in 10% of 200 consecutive autopsies. 26 It most commonly exists along the course of the thyroglossal duct and is caused by a failure of descent of the developing thyroid. It can be seen with or without a normally located thyroid gland. It is commonly located at the base of the tongue in the region of the foramen cecum (90% of cases) 27 or in the midline adjacent to or below the hyoid bone. It is important to confirm the presence of a normally located thyroid before surgical removal of an ectopic gland, as a normally located gland may be absent 70% to 90% of the time when a lingual thyroid is present. 28 With 2D US evaluation, the echogenicity of ectopic thyroid tissue is similar to that of a normally situated thyroid gland, with color Doppler imaging adding to the sensitivity of the evaluation. 28 In our experience, 3D US has been helpful for locating ectopic thyroid tissue, as the coronal view can be especially useful in the elucidation of the anatomic relationships ( Figure 14) .
Thyroglossal Duct Cysts
Thyroglossal duct cysts are caused by a failure of the thyroglossal duct to regress after embryologic descent of the thyroid gland. These cysts are typically midline Figure 14 . Image from a 60-year-old patient with suspected cervical adenopathy. Three-dimensional grayscale reconstruction in the coronal plane helps clarify the anatomic location of this rare thyroid ectopia between the strap muscles (arrows). A normally located thyroid gland was also present.
(75%) or near midline (25%) in the anterior neck 29 and are usually at the level of the hyoid bone (60%-80%). 28 Thyroglossal duct cysts are well suited to US evaluation, as they are superficial and cystic. A thyroglossal duct cyst is usually hypoechoic, homogeneous, and well circumscribed on 2D US but may contain internal material of low echogenicity due to proteinaceous fluid secreted by the epithelial lining, internal hemorrhage, or cellular debris ( Figure 15A ). It may also have septa, irregular walls, and solid components. 30 Preoperative imaging is performed to precisely locate it anatomically, to look for ectopic thyroid tissue, and to visualize possible evidence of malignancy. 28 Solid mural components may predict malignant degeneration of the epithelial lining, which can occur in up to 1% of patients, most typically, a papillary carcinoma. Figure 15 . Images from a 69-year-old woman with suspected thyromegaly on physical examination. A, Two-dimensional US reveals a hypoechoic mass with septations and cystic components in the midline at the level of the hyoid. B, Three-dimensional standard multiplanar reformatted US reconstruction with surface rendering enables rotation of the data set to evaluate the mass and enhances identification of nodular components (arrows). Histologic evaluation revealed evidence of recurrent inflammatory changes, likely in a thyroglossal duct cyst.
An advantage of 3D US is the ability to evaluate the entire cyst accurately and carefully look for wall irregularities on 3 orthogonal planes, including the coronal view, which is difficult to obtain on 2D US (Figure 15 , B and C). When a mural nodule is identified, the volume can be determined with 3D volumetric software Vascular/Perivascular Abnormalities The vascular structures in the neck are important anatomic landmarks. They can provide important information about disease processes elsewhere or be affected by systemic disease processes. We provide 2 examples.
Chronic sclerosing encasement of the carotid arteries is a hallmark of Reidel thyroiditis that distinguishes it from other inflammatory disorders. 31, 32 Fibrotic changes in this disease process often extend beyond the thyroid to involve surrounding structures, including the strap muscles and trachea. 33 In one study, CT identified encasement of greater than 50% the carotid arteries and greater than 30% of internal jugular veins. 34 Fine-needle aspiration is usually nondiagnostic. 35 The patient may undergo thyroidectomy to confirm the diagnosis, as well as to relieve compressive symptoms, 36, 37 although isthmusectomy, is the preferred surgical procedure. 34 Two-dimensional US typically shows a diffuse hypoechoic hypovascular appearance extending into the surrounding soft tissues. 37 The US or CT appearance as well as the clinical presentation and fine-needle aspiration results may be difficult to distinguish from anaplastic thyroid carcinoma, 38 sarcoma, 39 or lymphoma. 40 We have found that the typical encasement of the carotid arteries can be appreciated more readily on 3D US (Figure 16 ) because of the ease of evaluation in 3 orthogonal planes. Three-dimensional US facilitates rotation of the plane of view about the axis of the carotid artery or jugular vein to confirm that the encasing tissue does not invade the vessel. It is feasible that a 3D volume data set may facilitate a follow-up evaluation of disease progression.
Tortuosity of neck vessels can also be encountered when the thoracic aorta may become elongated due to atherosclerotic changes, causing the carotid arteries and innominate arteries to be displaced upward and become more tortuous. Such a patient may present on physical examination with a pulsatile neck mass 41 or right supraclavicular mass. 42 It is important to identify this condition correctly to avoid unnecessary intervention. We have found that color Doppler 3D US enables rotation of the surface-rendered view, which in turn better visualizes this tortuous vessel (Figure 17 ). 
Conclusions
The capabilities of 3D US are uniquely suited to the evaluation of cervical lymph nodes, parathyroid glands, parotid and submandibular glands, and vascular neck conditions. Three-dimensional US may also have a role in image-guided interventional procedures, including biopsies and percutaneous treatments. We suggest that 3D US be thoroughly evaluated for potential usefulness in the imaging evaluation of these entities. 
